Chymase, a serine protease found in mast cell granules, is released into the interstitium following injury or inflammation. Chymase is the primary ACE-independent pathway of angiotensin II formation, and also functions to activate TGF-beta and other promoters of extracellular matrix degradation, thereby playing a role in tissue remodeling. In the diseased kidney, chymasecontaining mast cells markedly increase and their density correlates with tubulointerstitial fibrosis severity. Studies in humans support the pathologic role of chymase in diabetic nephropathy, while animal studies form the basis for the importance of increased chymase-dependent angiotensin II formation in progressive hypertensive, diabetic and inflammatory nephropathies. Moreover, humans with kidney disease express chymase in diseased blood vessels in concordance with significantly elevated plasma chymase levels. Conversely, specific chymase inhibitors attenuate angiotensin II production and renal fibrosis in animal models, suggesting their potential therapeutic benefit in human nephropathy, where chymase-containing mast cells accumulate and contribute to progressive disease.
INTRODUCTION
Chymase is synthesized as a zymogen, but is activated by dipeptidyl peptidase I in the mast cell granule [1] . Mast cell granules mainly store the active form of chymase in complex with granular heparin proteoglycans, which occur in abundance in the granule [2] . Macromolecular interactions between anionic heparin and cationic chymase molecules mask the substrate-binding site of chymase [3] . However, substrate access is expected to increase greatly as mast cells degranulate and the chymase-heparin complex disperses in the interstitial spaces between cells. Importantly, also, its association with heparin reduces diffusional loss of chymase from the interstitial space, which allows the enzyme to remain in the tissue compartment, in an active state, for several weeks [2, 4, 5] . Chymase is present in mast cell granules and angiotensinogen is mainly extracellular, originating from the liver. To date, there is no evidence to suggest that chymase-dependent Ang II formation occurs within mast cell granules. It is unlikely that chymase-dependent Ang II formation can occur within the mast cell cytosol because the redox potential in the cytosol would prevent disulfide bond formation that is critical to proper chymase folding. By contrast, there is evidence that chymase dependent Ang II formation occurs extra-cellularly in the interstitium [6] .
Chymase functions as the primary angiotensin I-converting enzyme (ACE)-independent pathway of angiotensin II (Ang II) formation and, in mice, has been shown to be involved in blood pressure regulation in the setting of ACE inhibitor therapy [7] . Chymase is released primarily in the setting of injury or inflammation, and is believed to be involved in the promotion of tissue remodeling by activating latent transforming growth factor-β (TGF-β), pro-matrix metalloproteinases (MMP) and pro-endothelins, and thrombin and plasmin degradation [8, 9] . Chymase activity is linked to renal interstitial fibrosis and glomerulosclerosis in animal models. Animal studies suggest that chymase inhibition might be beneficial for the treatment of diabetic, hypertensive and inflammatory nephropathies.
In this review, we discuss the biology of chymase, consider its role and actions in the kidney, and review the potential benefits of chymase inhibition as a novel therapy in the treatment of progressive kidney disease. Our review underlies the belief that while the mechanisms that underlie the pathological effects of chymase in the kidney are not yet well defined, studies to date support the notion that chymase inhibitors may have significant therapeutic benefits in humans.
ONLY CERTAIN CHYMASES ARE ANG II-FORMING
Chymases occur in two isoenzyme groups; α and β, based on their primary structure [10] . A single α-chymase gene is expressed in all mammals studied, including humans, dogs and mice. A β-chymase does not occur in humans but a variable number of β-chymases are expressed in rodents [10] . Members of both chymase groups convert Ang I to Ang II. However due to remarkable species differences in substrate specificity, some β-chymases are net Ang II-degrading enzymes 11 . Interestingly, also, some α-chymases (e.g. mouse mast cell protease 5 [MMCP-5]) neither form nor degrade Ang I [6, 12] . Human chymase is a highly efficient Ang II-forming enzyme [13] .
The distribution of human chymase varies; it is present in blood vessels and the heart 14 , and high levels are found in the gut and uterus. However, it is nearly undetectable in the normal human kidney [14] .
MAST CELL DENSITY INCREASED IN DISEASED KIDNEYS
As early as the 1920's it was noted that mast cells were rare in normal human kidney parenchyma, but increased in cases of renal tuberculosis, renal sclerosis and chronic pyelonephritis [15] . By 1960 it was observed that mast cell number increased in a variety of human nephropathies, localized to the renal interstitium, and were nearly always observed in conjunction with fibroblast hyperplasia [15] . Despite these early observations, little attention was paid to the role of mast cells in kidney disease until the 1990's, when it was observed that a significant correlation existed between interstitial fibrosis and mast cell proliferation, regardless of the underlying renal disease [16] [17] [18] [19] [20] [21] .
Mast cells originate from CD34-positive bone marrow progenitor cells, and migrate from the circulation through vascularized tissue where they mature [22] and exist on mucosal surfaces and within connective tissues [23] . Their location around blood vessels, nerves and epithelia facilitates their participation in homeostatic functions and rapid response to abnormalities at immune barrier locations, where their presence is increased [24] .
Although known for their role in asthma and anaphylaxis, mast cells have intra-cytoplasmic granules containing a wide array of mediators with diverse functional capabilities [25] . When activated, they can secrete inflammatory mediators, including the proteases chymase and tryptase, and pro-fibrotic cytokines such as tumor necrosis factor α (TNFα) and TGF-β1, which can attract inflammatory cells and promote tissue remodeling [2, [26] [27] [28] .
Mast cells achieve their functional maturity and phenotype based on their anatomic location and subtype, and vary by their cytoplasmic granule structure, quantity of stored mediators, and response to various secretagogues [2] . The mast cell's cytoplasmic granule protease content characterizes it, and in humans, serves to differentiate it into its two subtypes, the density of which differ by tissue type [2] . Human mast cells containing chymase and tryptase are designated as MC TC . Mast cells containing only tryptase are designated as MC T [29] . The two subtypes can be distinguished from one another using immunohistochemical techniques, allowing accurate quantification when both are present in the same tissue section. MC TC is the predominant mast cell in the skin, tonsils and intestinal submucosa, while MC T predominate in lung alveolar tissue, nasal mucosa and small intestine mucosa [2] .
MAST CELL DENSITY CORRELATES WITH RENAL TUBULOINTERSTITIAL

DISEASE SEVERITY
Within the diseased kidney, mast cells predominate within the interstitium, can infiltrate renal tubules [30] , are rare in the glomeruli, but are present within the fibrotic intima of intra-renal arteries in chronic allograft vasculopathy. The number of mast cells closely correlates with the severity of tubulointerstitial disease in renal diseases, including IgA nephropathy [31, 32] , primary and secondary glomerulonephritis [18, 19, 33, 34] , diabetic nephropathy [35, 36] , hypertensive nephropathy [26] and allograft rejection [16, 20, 37, 38] . Mast cell accumulation is also inversely correlated with a decline in glomerular filtration rate and disease progression [31, 34, [39] [40] [41] .
How are mast cells recruited to the kidney? Mast cells are rarely found in the normal kidney.
A key element to mast cell recruitment to the renal interstitium may be stem-cell factor (SCF), which is increased in CKD [42] . SCF, which localizes to areas of interstitial expansion and fibrosis, induces differentiation, chemoattraction and activation of mast cells in humans [41] . Since pulmonary fibroblasts produce SCF, it is suggested that activated renal interstitial fibroblasts produce SCF following injury, and attract mast cells to sites of injury [41] . SCF level significantly correlates with the number of interstitial mast cells and degree of interstitial fibrosis, suggesting that it plays a role in to renal mast cell recruitment [39] .
CHYMASE-DEPENDENT ANG II FORMATION
The identification of chymase as the major Ang II-forming enzyme in the human heart [14, 43] provided a biochemical basis for the study of non-ACE pathway. In pharmacological studies in conscious baboons, intravenous infusion of [Pro 11 , DAla 12 ]Ang I-a chymase selective substrate that is converted to Ang II by chymase but not ACE [44] resulted in increased left ventricular systolic and diastolic pressures consistent with arterial vasoconstriction [44] . An Ang II receptor antagonist but not an ACE inhibitor inhibited these effects, showing that chymase is a functional Ang II-forming enzyme in vivo. Similar findings were reported in the marmoset [45] . The potency of [Pro 11 , DAla 12 ]Ang I was much lower than that anticipated from the kinetic studies of its conversion to Ang II and suggested that [Pro 11 , DAla 12 ]Ang I delivery to the adventitial and medial compartments of the blood vessel, where chymase is localized, is limited when this chymase selective substrate is administered intravascularly.
Chymase is found in human arteries and veins [46] , and [Pro 11 , DAla 12 ]Ang I administration into the dorsal hand vein of patients with coronary artery disease produces an ACE inhibitor-resistant vasoconstrictor response [47] , showing in vivo the presence of a chymase pathway for Ang II production in humans. The predominance of chymasedependent Ang II-forming activity in primate tissues over other non-ACE Ang II-forming activities and the in vivo findings with the chymase selective substrate suggest a role for chymase in tissue Ang II formation.
CHYMASE-POSITIVE MAST CELLS LOCALIZE TO SITES OF KIDNEY FIBROSIS
Chymase-positive mast cells are increased in human renal allografts with chronic rejection 37 and in the setting of IgA nephropathy [32] , and correlate with the severity of interstitial fibrosis and intra-renal vascular resistance. In children with crescentic glomerulonephritis, chymase-positive mast cells also correlate with tubolointerstitial fibrosis and with loss of renal function [33] . Interestingly, IgA nephropathy patients treated with valsartan and prednisolone for two months, compared with prednisolone alone, were observed to experience a significant reduction in the number of chymase-positive mast cells on repeat renal biopsy accompanied by improved renal parenchymal circulation [32] , suggesting that blocking Ang II actions by inhibiting its AT 1 receptor could possibly attenuate recruitment of mast cells to the kidney. This hypothesis, however, needs to be tested.
ROLE OF CHYMASE-DEPENDENT TGF-AND MMP EXPRESSION IN THE
PROMOTION OF RENAL FIBROSIS
TGF-β
Renal fibrosis is commonly found in progressive chronic kidney disease (CKD) that leads to end-stage renal disease (ESRD), and is characterized by tubulointerstitial fibrosis and gomerulosclerosis. Multiple cell types participate in renal fibrogenesis, resulting in activation of inflammatory cells within the glomerulus or renal interstitium, to produce fibrogenic and inflammatory cytokines, induce cellular phenotypic change, and produce extracellular matrix components [48] . With prolonged renal injury comes a fibrous scar and loss of kidney function.
TGF-β is an established cytokine in renal fibrosis [49] [50] [51] , and its upregulation is found in nearly every etiology of CKD. TGF-β can cause myofibroblastic activation of mesangial cells, interstitial fibroblasts and tubular epithelial cells or transform them into matrixproducing fibrogenic cells [48] . Ang II and high glucose induce TGF-β synthesis in renal cells [52] . Further, TGF-β reduces collagenase production and stimulates tissue inhibitor of metalloproteinases, resulting in the overall inhibition extracellular matrix turnover [53] . Conversely, TGF-β inhibition attenuates renal fibrosis and progression of renal disease. Thus, research focusing on TGF-β downstream effectors or signaling may offer a therapeutic advantage [48] .
An underlying mechanism for the correlation of chymase with interstitial fibrosis in the diseased kidney may be because chymase is shown to increase the expression of TGF-β indirectly via promotion of Ang II formation and directly by activating pro-TGF-α1 [54] [55] [56] .
In fact, in human veins of CKD and ESRD patients with pre-existing intimal hyperplasia taken at the time of vascular access surgery, TGF-β co-localizes with chymase, and is most prominent in the intima and media layers of the blood vessel [57] .
Direct evidence for the effect of chymase on renal fibrosis and TGF-β expression comes from comparing kidney tissue sections from MMCP-4-deficient and -sufficient mice with anti-GBM glomerulonephritis [58] . While anti-GBM mice had a significant increase in interstitial type 1 collagen and fibrin 14 days after injury compared with control mice, MMCP-4 null mice had significantly lower amounts of type 1 collagen and local Ang II generation, and trended toward lower expression of TGF-β [58] . These findings show that MMCP-4 promotes renal fibrosis. MMCP-4 also plays a prominent role in regulating Ang II in vivo in the interstitium of the ACE inhibitor-treated mouse heart [6] 6 .
MMP's
Renal fibrosis is characterized by the accumulation of extracellular matrix (ECM), made up primarily of collagen. MMP's are produced in multiple tissues, including the kidney, and function to degrade collagen and ECM proteins. It is believed that MMP's have both antiand pro-fibrotic roles. Most MMP's are secreted as pro-MMP's, and require cleavage for activation [59] . MMP activity is also regulated through inhibition by specific tissue inhibitors of MMPs (TIMP's). Chymase can potentially regulate MMP activity by increasing the levels of pro-MMP and by direct enzymatic activation of pro-MMP to its active form. This mechanism is illustrated in Fig. (1) . Increase in pro-MMP likely occurs via Ang II forming activity of chymase.
MMP's play an important role in tissue fibrosis, although their function may depend of the etiology and stage of disease. In the renal fibrotic model of unilateral ureteral obstruction in which there is an increase in collagen types I and IV, MMP-2 expression and activity increase early, with a subsequent biphasic increase in TIMP-1 expression, suggesting impaired matrix degradation in the setting of interstitial fibrosis in the obstructed kidney [60] . MMP's are thought to function as matrix degrading enzymes. In keeping with this, decreased MMP-9 expression is correlated with the development of renal fibrosis in mice [61] .
MMP-2 and -9 are gelatinases. Chymase is shown to regulate MMP-2 and -9 activity in experimental models [62, 63] , and human chymase can cleave pro-MMP-9 to its active form, which suggests a beneficial role of chymase in minimizing renal fibrosis. However, chymase-dependent pro-MMP activation could also produce unexpected consequences. For example, Cheng et al. [64] show that MMP-2 overexpression in transgenic mice using a renal proximal tubule-specific type I γ GT promoter leads to structural alterations in the tubular basement membrane, which triggers tubular epithelial-mesenchymal transition, with resultant tubular atrophy, fibrosis and renal failure. Thus, chymase-dependent regulation of MMP-2 and -9 activity could have complex effects on renal fibrosis, which remain to be studied in more detail.
ROLE OF CHYMASE IN ISCHEMIC, DIABETIC AND INFLAMMATORY
KIDNEY DISEASE
Although studies are limited in humans, experimental evidence suggests that a primary mechanism by which chymase may promote kidney disease progression is via chymasedependent Ang II formation (Fig. 1) .
Ischemic Nephropathy
In the two-kidney, one-clip rat model, Sadjadi et al. [65] have reported that chymase activity is upregulated in the ischemic kidney compared with the non-ischemic control kidney [65] , but that renal Ang II is increased in both ischemic and non-ischemic controls. In a similar experimental model in dogs, Tokuyama et al. [66] found that an ACE inhibitor increased renal plasma flow in the non-ischemic kidney. By contrast, a chymase inhibitor (chymostatin), but not an ACE inhibitor, increased renal plasma flow in the ischemic kidney. Furthermore, in clipped kidneys, a chymase inhibitor suppressed renal Ang II whereas an ACE inhibitor was effective in reducing renal Ang II levels in the non-clipped kidney. Together, these studies suggest that suppression of the Ang II production through chymase inhibition may be useful for the correction of hypoperfusion to the kidneys, which is a characteristic of ischemic nephropathy.
Diabetic Nephropathy
The importance of Ang II in the progression of diabetic nephropathy has been well established [67] , and several intra-renal cell types, including mesangial cells, podocytes, and epithelial cells, possess all renin-angiotensin system components and can synthesize Ang II. Increased intra-renal Ang II is believed to play a key role in mesangial expansion and the development of glomerulosclerosis in diabetes. Under normal glucose conditions the nonspecific chymase inhibitor chymostatin reduced Ang II levels in human mesangial cell lysates and in the culture medium, but the ACE inhibitor captopril had no effect [68] . This suggests a role for chymase in Ang II generation by these cells. However, from these studies it is not possible to distinguish between cell-bound Ang II (resulting from extracellular conversion of Ang I to Ang II by chymase in the culture media) and intracellular Ang II and therefore, no firm conclusions can be made about the role of chymase in intracellular Ang II formation. It is noteworthy that high glucose caused human mesangial cells to increase chymase mRNA and protein expression and it increased intracellular ACE activity 10-fold. Concomitantly, intracellular Ang II was increased by high glucose; but this was not inhibited by extracellular administration of chymostatin and captopril [68] . More detailed studies looking at subcellular compartments that contain ACE, chymase and Ang II are required to make definitive statements about their role in regulating intracellular Ang II levels.
In diabetes, Ang II up-regulation also plays a key role in podocyte cell injury. The podocyte is present in the glomerular capillary wall and functions as a barrier to negatively charged proteins. High glucose increases Ang II synthesis in cultured podocytes, which is significantly reduced by chymostatin, and not with ACE inhibition [69] , indicating chymaseindependent Ang II formation in podocytes exposed to high glucose.
A further link between chymase-dependent Ang II formation and diabetic nephropathy comes from examining the association of chymase gene polymorphism with diabetic CKD. Genes and genetic loci associated with excess Ang II production were compared among Asian Indian patients with type 2 diabetes and CKD, and patients with diabetes and no diabetic CKD 70 . Investigators found a significant association between chymase gene polymorphism (GA genotype of G>A promoter SNP) and diabetic CKD in Asian Indian patients [70] .
Anti-Glomerular Basement Membrane Nephritis
The most compelling evidence to date for the role of chymase in progressive kidney disease is from a recent study of inflammatory kidney disease. In a model of anti-glomerular basement membrane (anti-GBM) glomerulonephritis, mice deficient in MMCP-4, the functional homolog of human chymase, developed significantly lower late-phase (days 10-14) proteinuria and had a significantly lower decline in renal function compared with WT mice [58] . This was accompanied by a significant reduction in glomerular infiltration and subendothelial deposits, and interstitial infiltration and tubular necrosis compared with WT mice. To discern whether these benefits occurred specifically as a result of MMCP-4 deficiency rather than mast-cell deficiency, mast cell deficient Kit W /Kit W-v mice were reconstituted with bone marrow derived mast cells from either WT or MMCP-4 deficient mice prior to induction of anti-GBM glomerulonephritis [58] . Those reconstituted with MMCP-4 deficient mast cells showed a trend to lower proteinuria and serum creatinine concentrations, significantly lower BUN, and a reduction in interstitial infiltration and fibrosis and tubular necrosis, suggesting that MMCP-4 is responsible for the observed benefits. MMCP-4 deficient mice with anti-GBM glomerulonephritis also had less renal expression of pro-inflammatory cytokine and chemokine mRNA, significantly lower type 1 collagen deposition in the glomerulus and interstitium, and nearly absent interstitial Ang II expression, indicating the key role MMCP-4 has in mediating two established contributors to renal fibrosis [58, 71] . These data are supported by recent findings that chymase promotes glomerular albumin permeability in vitro [72] , and progressive human aortic aneurysm formation by multiple mechanisms, including elastin degradation [73] .
In contrast, another investigation has shown that mast-cell deficient mice with anti-GBM glomerulonephritis have greater proteinuria and glomerular damage compared with control mice, and increased numbers of infiltrating T cells and macrophages [74] . Differences in these finding may result from global genetic c-kit inactivation that not only makes the mouse mast cell deficient but also has a number of defects other than mast cell deficiency. More detailed studies involving adoptive transfer of wild-type mast cells into mast-cell deficient mice should help clarify the role of mast cells in glomerulonephritis. It is also possible that MMCP-4 has deleterious effects on the kidney in anti-GBM glomerulonephritis, while other mast cell mediators may be protective. If this is the case, a chymase inhibitor could be expected to be more effective in treating anti-GBM glomerulonephritis than a mast cell stabilizer.
CIRCULATING CHYMASE IS MARKEDLY INCREASED IN CKD AND ESRD
PATIENTS
Measurement of plasma chymase has recently been used to explore whether elevated tissue chymase expression is reflected in the systemic circulation. Recently Sun et al. [73] reported a significant correlation between the rates of expanding human abdominal aortic aneurysms (AAA), which have high intra-lesion chymase-positive mast cell density, to serum chymase levels. These findings, combined with experimental data showing that AAA formation was significantly reduced in chymase (MMCP-4)-null mice, suggest that mast cell chymase plays a role in the progression of human and mice AAA [73] . Increased plasma chymase activity has also been shown in women with preeclampsia, which markedly declines postpartum [75] , and is expressed in maternal vessel endothelium, suggesting a state of inflammation and a mechanism for increased vascular sensitivity to Ang II in preeclampsia.
Similar studies have now been conducted in patients with chronic kidney disease (CKD) and end-stage renal disease (ESRD). We recently showed that venous tissue taken at the time of surgical arteriovenous fistula creation, which exhibited pre-existing venous neointimal hyperplasia, highly expressed chymase [57] . Plasma chymase concentrations in these patients were significantly elevated. Circulating chymase concentrations were increased in all CKD patients 4-33-fold more than in non-CKD control subjects, who had undetectable plasma chymase concentrations (< 8 ng/ml), which was associated with a virtual lack of vascular chymase (Fig. 2) .
Interestingly, chymase distribution was bimodal in CKD patients, yet there were no significant differences in co-morbidities between the groups except BMI. The significance of the bimodal plasma chymase distribution in CKD patients needs to be confirmed using a larger sample size. It is tempting to speculate that circulating chymase levels may be a predictor of extant intimal hyperplasia in patients with CKD. In these CKD patients, plasma chymase levels were much greater than in patients with mastocytosis or aortic aneurysm [73, 76] . Although there are several endogenous inhibitors of chymase, such as alpha-1 antitrypsin, Raymond et al. [76] have shown that circulating chymase exists in a protected state in complex with alpha-2 macroglobulin such that it is capable of converting Ang I to Ang II in the circulation. Further, angiotensin receptor blockers (ARB's) but not ACE inhibitors have been shown to attenuate intimal hyperplasia after vascular injury [77] [78] [79] [80] . It is therefore possible that elevated chymase levels underlie the therapeutic advantage of ARB's versus ACE inhibitors in this clinical setting.
Finally, ESRD subjects had a different plasma chymase distribution than CKD subjects, suggesting that reduced creatinine clearance may be responsible for elevated plasma chymase levels in CKD subjects. Clearly, dialysis had an effect on plasma chymase levels, however, it is unlikely that this was due to direct removal of chymase from the bloodstream by dialysis, because chymase exists as a 200 kDa complex with alpha-2 macroglobulin in plasma [76] . This chymase-alpha-2 macroglobulin complex is too large to be cleared by the dialyzer membrane. This led the investigators to speculate that plasma markers of systemic inflammation may be elevated among CKD patients with the greatest plasma chymase concentrations. However, an association between plasma C-reactive protein and plasma chymase concentration levels was not observed. Moreover, the plasma chymase bi-modal distribution was not associated with statin use. However, interleukin-6 (IL-6), a local marker of inflammation, was present in vascular intimal hyperplasia lesions that express high levels of chymase.
CHYMASE INHIBITION ATTENUATES RENAL DISEASE IN ANIMAL MODELS
Intra-renal Ang II and AT 1 receptor expression increase in unilateral ureteral obstructioninduced interstitial fibrosis. Yet ACE inhibition is not effective in reducing renal injury in this setting [81] , which could suggest that chymase-dependent but not ACE-dependent intrarenal Ang II formation promotes renal fibrosis. In support of this notion, in hamsters with ureteral obstruction-induced renal injury, AT 1 receptor blocker olmesartan significantly lowered interstitial fibrosis relative to vehicle controls. Treatment with either olmesartan or the specific chymase inhibitor 4-[1-(4-methyl-benzo[b]thiophen-3-ylmethyl)-1Hbenzimidazol-2-ylsulfanyl]-butyric acid resulted in similar and significantly lower renal tissue expression of α-smooth muscle actin, type 1 collagen and TGF-β mRNA compared with vehicle-treated animals [82] .
The importance of chymase has also been studied in a hamster model of streptozotocin (STZ)-induced diabetes. STZ-induced diabetic hamsters had a > 2-fold increase in renal cortical and > 5-fold increase in renal medullary chymase mRNA levels compared with controls, while ACE expression was localized to the proximal tubule brush border [83] . Following 8-week treatment with specific chymase inhibitors, TEI-E00548 or TEI-F00806, blood pressure was unchanged, yet intra-renal overproduction of Ang II was completely suppressed, while serum Ang II was not affected. The converse occurred with ramipril 8week therapy: blood pressure dropped significantly in conjunction with serum Ang II concentrations, yet intra-renal Ang II overproduction did not change in diabetic hamsters [83] . Untreated diabetic hamsters had a > 7-fold increase in urinary protein excretion after 8 weeks compared with controls. Treatment with TEI-E00806 at week 8 significantly reduced proteinuria by 80% in diabetic hamsters, but proteinuria was not significantly affected by ramipril treatment. Improvements in renal histology were also apparent with administration of chymase inhibition. Untreated diabetic hamsters exhibited characteristic renal mesangial expansion, as reflected by a > 1.5-fold increase in mesangial matrix index (MMI), compared to controls. In contrast, both TEI-E00548 and TEI-F00806 completely attenuated the MMI to nondiabetic levels, while ramipril produced a lesser but substantive reduction in MMI compared to untreated animals [83] . The mechanism by which chymase inhibition, but not ramipril, attenuated renal mesangial expansion appears to be by suppression of glomerular TGF-β1 and fibronectin protein expression [83] . These data suggest that chymase may be an important drug target in the treatment of human diabetic nephropathy.
CONCLUSIONS
Progression of CKD involves multiple mediators and events. Of these, chymase activates two of most well established mediators of renal tubulointerstitial fibrosis, Ang II and TGF-β. Chymase can form Ang II independent of ACE and stimulates TGF-β indirectly via promotion of Ang II formation and directly by activating pro-TGF-β. Currently, observational studies in humans support the role of chymase in diabetic nephropathy, while limited animal studies form the basis for the importance of increased chymase-dependent Ang II formation in progressive hypertensive, diabetic and inflammatory nephropathies.
Data thus far suggest that that chymase inhibition would be most beneficial in settings in which Ang II has a major role, yet chymase may also promote progressive renal disease through its activation of TGF-β and MMP pathways. Future investigations would benefit by the development of a transgenic mouse containing human chymase in order to mitigate the species differences in substrate specificity of chymases and to more directly implicate a role for human chymase in nephropathy, with the hope that chymase-specific inhibition can be tested in humans.
Fig. (1). Regulation of Ang II and TGF-β by mast cell chymase and ACE
Mast cell activation by both immune and non-immune mechanisms may result in advancing fibrosis in tissues. Several receptor-binding activators cause mast cells to degranulate [84] . These include, IgE, complement, peptide hormones, cytokines and chemokines. In this scheme we illustrate the potential interaction between the two main tissue Ang II-forming enzymes, ACE and chymase, in regulating tissue Ang II and TGF-β levels; factors that promote tissue fibrosis. Based on the mechanistic studies in the heart [6] , the effect of chronic inhibition of ACE on Ang I to Ang II conversion in the kidney could be counteracted via bradykinin/B2 receptor-dependent chymase release from mast cells. Thus the antifibrotic effects of bradykinin/B2 receptor activation on the kidney [85] could be limited by chymase release and subsequent activation of Ang II-formation and TGF-β expression/activation. In addition, Ang II via its effects on its AT 2 receptor can limit its profibrotic effects that are mediated by AT 1 receptor activation [86] . Chymase release also has a myriad of effects on factors that promote the inflammatory response [84] .
Fig. (2). Plasma chymase concentrations in CKD and ESRD patients and corresponding vascular chymase expression
Plasma chymase concentration by patient cohort. Note bimodal distribution of plasma chymase in CKD patients. Elevated plasma chymase is shown with corresponding mast cell chymase expression in veins of same patients with intimal hyperplasia. ESRD patients have a different plasma chymase concentration, suggesting that creatinine clearance may influence plasma chymase. From Wasse et al. [57] .
